Abstract The mid-Piacenzian (~3.3-3.0 Ma), which was characterized by high pCO 2 (~400 ppm) and global surface air temperatures that were 1.84-3.60°C above pre-Industrial levels, provides clues to the likely changes in atmospheric dynamics in a future climate affected by anthropogenic warming, although its suitability as an analogue of the future climate has yet to be assessed. This study investigates the extent to which the dynamics of the East Asian summer monsoon during the mid-Piacenzian can aid our understanding of East Asian summer monsoon behavior in the Extended Concentration Pathway version 4.5 scenario, using water vapor and moist static energy equations. The temperature-dependent large-scale moisture transport explains the similar pattern of precipitation increase in the two climates, whereas regional patterns of vertical motion differ significantly. Two of the main terms of the moist static energy equation control the changes in regional dynamics relative to the pre-Industrial period. These terms relate to zonal advection of stationary eddy dry enthalpy by the mean zonal wind and meridional stationary eddy velocity over East Asia. Topographic differences between the two cases have a negligible effect on regional precipitation.
Introduction
The mid-Piacenzian (~3.3-3.0 Ma) was the most recent warm period in Earth's history, with global mean surface air temperature estimated to have been 2-3°C higher than pre-Industrial (PI) levels (Dowsett et al., 2013; Haywood et al., 2013; Salzmann et al., 2013) . The geological conditions of the Earth during the mid-Piacenzian were similar to those of today (Haywood et al., 2011) , including CO 2 levels (Haywood et al., 2016) . The mid-Piacenzian warming, which resulted in sea level rise (Miller et al., 2012) and ice sheet melting (Hill et al., 2007) , is a potential analogue of future anthropogenic warming under increased greenhouse gas (GHG) emissions (Jansen et al., 2007) .
The large-scale features of the mid-Piacenzian climate have been investigated in the framework of the Pliocene Model Intercomparison Project Phase 1 (PlioMIP1; Haywood et al., 2013) . The global mean annual surface air temperature shows a 1.84-3.60°C increase compared with PI values, with prominent warming SUN ET AL.
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in high-latitude regions. An increase in GHGs played a dominant role in the tropical warming relative to PI, and surface albedo decrease was the dominant driver of the significant high-latitude warming and polar amplification compared with PI (Hill et al., 2014) .
Features of regional climate (e.g., the monsoon, tropical atmospheric circulation, and Antarctic deep water) showed obvious responses to the mid-Piacenzian warming (Corvec & Fletcher, 2017; Haywood et al., 2013; Li et al., 2018; Sun et al., 2013; Zhang et al., 2009; . The East Asian summer monsoon (EASM) in PlioMIP1 was characterized by a strengthening of the monsoon circulation and an increase in monsoon precipitation (R. . The midlatitude westerlies, a basic component of the global atmospheric circulation, were shifted poleward (Li et al., 2015) , which is consistent with a poleward shift in the Hadley cell boundaries during the mid-Piacenzian (Sun et al., 2013) . Zhang et al. (2015) investigated the sensitivity of the EASM to boundary conditions and found that sea surface temperature, CO 2 concentration, and ice sheet extent were key factors in creating a warm and wet climate over East Asia during the mid-Piacenzian. However, the precise physical mechanisms controlling the variations in the EASM during the mid-Piacenzian remain unclear. An understanding of the underlying physical processes is important if the mid-Piacenzian is to be considered an analogue of future GHG-induced warming.
This study examines the EASM dynamics in past and future warm climates to assess the degree to which the mid-Piacenzian climate is a suitable analogue of future changes in the EASM under a warming climate. We pay particular attention to the underlying physical mechanisms by decomposing the overall changes in water vapor budget (mid-Piacenzian and Extended Concentration Pathway version 4.5 (ECP4.5) compared with PI) into thermodynamic and dynamic components.
Data and Methodology
Model and Experimental Description
The present study focuses on diagnoses of three simulations performed with the IPSL-CM5A-LR model (Dufresne et al., 2013) , which is able to reproduce the modern EASM climate ( Figure S1 ). A PI simulation with fixed CO 2 of 280 ppm serves as a reference for mid-Piacenzian and ECP4.5 simulations. The midPiacenzian simulation used the PlioMIP1 protocol (Contoux et al., 2012) and employed simple boundary conditions (Sohl et al., 2009 ). The continental configuration of the mid-Piacenzian was similar to that of the modern condition, but ice sheets were smaller, sea level was 25 m higher, and CO 2 was 405 ppm, similar to today levels. Note, however, that the GHG-induced current global warming level above PI is much weaker than in the mid-Piacenzian because slowly responding components of the climate system had attained equilibrium during the mid-Piacenzian Salzmann et al., 2009 ) but are in a transient state in the present climate. The mid-Piacenzian simulation was run for about 980 years, with the last 30 years used for our analysis.
The Extended Concentration Pathway (ECP) version 4.5 simulation is a future projection under the framework of the Coupled Model Intercomparison Project phase 5 (Meinshausen et al., 2011) , with increases in GHGs perturbing radiative forcing by 4.5 W/m 2 in 2100 (compared with PI levels). This simulation was extended until 2300 with radiative forcing and GHG concentrations almost constant at 2100 values via a smooth transition toward GHG stabilization by 2150 (CO 2 level stabilized at 543 ppm; Meinshausen et al., 2011) . The extra 150 years of the simulation (2150 to 2300) with constant forcings ensures that the atmospheric surface climate is in equilibrium. The mid-Piacenzian simulation includes tectonic changes superimposed on pCO 2 variation (Contoux et al., 2012) , so it cannot be directly compared with the future transient climate. It is valid to compare the EASM dynamics of the mid-Piacenzian with the last 30 years (2271 to 2300) of the ECP4.5 simulation in which the atmospheric processes are in equilibrium. Details of the model and simulations are given by Contoux et al. (2012) , Dufresne et al. (2013) , Haywood et al. (2011), and Sun et al. (2013) .
In addition to CO 2 levels, the topography differs between the two warm climates ( Figure S2 ). To test whether the slightly different topography in the two cases has a significant influence on the EASM, a sensitivity experiment (TopoPlio) was carried out, restarted from the final state of our PlioMIP1 with the same topography as in the ECP4.5 scenario. The sensitivity simulation was run for 150 years and the final 30 years are used for analysis.
Diagnostic Methodology
To identify the physical processes associated with EASM precipitation in response to past and future warming, the following moisture budget equation is used:
where P is the precipitation, E is the evaporation, ω is the vertical velocity at a constant pressure coordinate, q is the specific humidity, V H is the horizontal wind, and Res is a residual term. The angle brackets indicate the vertical integral over the atmospheric column throughout the troposphere (Chou & Lan, 2012) . The dominant factors responsible for the changes in EASM precipitation during the two warm climates are identified by calculating the difference in each term in equation (1) relative to PI conditions. The variation in vertical advection (Àhω∂ P qi) can be further decomposed into a thermodynamic component ( À ω∂ p q 0 ) and a dynamic component (À ω 0 ∂ p q ), as follows:
The thermodynamic contribution to precipitation changes comes from changes in air water vapor content with unchanged vertical circulation, whereas the dynamic contribution indicates changes in vertical motion with unchanged air water vapor content (Chou & Lan, 2012) . The prime denotes the differences between each of the two warm climates and PI, and the overbar indicates the PI climatology.
To further understand regional variations in vertical motion and their relation to EASM precipitation, we use the moist static energy (MSE) equation for relevant diagnostics of the monsoon dynamics (Chen et al., 2018; Chen & Bordoni, 2014a , 2014b Sun et al., 2016; Yao et al., 2017) . Here we extend its application to two different climates: the mid-Piacenzian and the ECP4.5 anthropogenic warming scenario. The MSE budget equation can be written as follows:
where the overbar indicates the time mean, F net is the net heat flux into the atmospheric column (turbulent fluxes and radiation), and E is the moist enthalpy. Given that MSE decreases with increasing pressure in the troposphere, regions where the right-hand sum is positive are associated with ascending motion (precipitation, if considering the water budget equation), while descending motion (aridity) is associated with a negative right-hand sum.
Results
Comparison of Precipitation Changes Between the Mid-Piacenzian and ECP4.5
The simulated precipitation in the mid-Piacenzian shows an increase over East Asia (Figure 1a , colored areas), which is consistent with the wetter conditions indicated by seven geologic records collated by R. , including six pollen records (Hao et al., 2012; Jiang & Ding, 2008; Li et al., 2004; Ma et al., 2005; Wu, 2001; Wu et al., 2007) and one fruit-seed record (Zhao et al., 2004) . Moreover, increased precipitation during the mid-Piacenzian is a common feature of the majority of PlioMIP1 models ( Figure S3 ). This consistency between model and proxy data across multiple models increases the reliability of estimated EASM precipitation changes during the mid-Piacenzian. A general increase in precipitation over East Asia is also observed in the ECP4.5 scenario for most of the Coupled Model Intercomparison Project phase 5 models ( Figure S3 ). The precipitation increase in both cases indicates similarities between the two climates.
In addition to similarities, the mid-Piacenzian and ECP4.5 scenario show regional differences in terms of the increase in EASM precipitation. For example, land precipitation increases significantly in China during the mid-Piacenzian compared with the PI period, with the increase occurring in a band aligned southwestnortheast (Figure 1a ), while oceanic precipitation shows significant increases in the future scenario relative to the PI period (Figure 1b) . In detail, relative to the ECP4.5 scenario the mid-Piacenzian shows a significant increase in land precipitation over South China and a decrease in precipitation over the adjacent ocean (Figure 2a) . The cause of this regional difference and the insignificant effect of the slight difference in topographic configuration on regional precipitation is clarified in following paragraph.
Our sensitivity experiment shows that precipitation differences between TopoPlio and ECP4.5 (Figure 2b ) are similar to those between the mid-Piacenzian and ECP4.5 ( Figure 2a) ; that is, the slight topographic differences contribute little to the differences in regional rainfall patterns between the two warm climates (compare Figures 2a and 2b) . The large differences in regional precipitation are likely to reflect the contrasting responses of regional monsoon dynamics to the warm equilibrium climate of the mid-Piacenzian and a future transient warming climate. Two mechanisms ( V
), identified as dominant fields for regional structures of the precipitation pattern in the warm climates (section 3.3.2), are used to understand the insignificant topographic effect on regional differences in EASM precipitation patterns. These effects are mainly regulated by V Ã , as a significant increase in land precipitation is associated with southerly wind and a decrease in precipitation is associated with northerly wind over the adjacent ocean (Figures 2a and 2b) . The term À C p U Â Ã · ∂T 
Physical Processes Revealed by Changes in the Water Vapor Budget
The moisture budget equation can help us to better understand EASM as it provides a way to decompose precipitation changes into different terms associated with different physical processes. We first examine the climatology of each term in equation (1) before applying it to changes in the mid-Piacenzian and ECP4.5 scenario. The results in Figure 1c are the regional average for the area indicated by the rectangle in Figure 1a . Precipitation occurs mainly due to the joint contribution of local evaporation and vertical advection of moisture (referred to as vertical moisture transport; Figure 1c ). Moisture convergence and horizontal advection of moisture (referred to as horizontal moisture transport) play a secondary role (Figure 1c) . In comparison with the PI period, the enhanced precipitation during the mid-Piacenzian is attributed mainly to an increase in vertical moisture transport (Figure 1d ), whereas that in the ECP4.5 scenario is due largely to increases of local evaporation and vertical moisture transport. Of note, the atmospheric CO 2 concentration in ECP4.5 (543 ppm) is higher than that during the mid-Piacenzian (405 ppm), whereas the increase in EASM precipitation in ECP4.5 is much smaller than that during the mid-Piacenzian.
Because the vertical moisture transport term plays an important role in both climates, it is useful to decompose its changes into thermodynamic and dynamic components, and assess the relative contribution of each component. The thermodynamic terms in both warm climates are the dominant contributors to vertical moisture transport increase (Figure 1d ). They essentially represent an increasing response of atmospheric water vapor to warming and show a larger contribution with higher CO 2 concentrations. In contrast, dynamic processes contribute differently to the vertical moisture transport in the two warmer climates (Figure 1d ). The dynamic term for the mid-Piacenzian has the same sign as vertical moisture transport and thus contributes positively to precipitation increase over the EASM domain. On the other hand, dynamic processes reduce upward vertical moisture transport under the ECP4.5 scenario and to some extent diminish the increase in projected EASM precipitation.
Physics of Thermodynamic and Dynamic Processes
Here we consider the physics of the thermodynamic and dynamic processes, and examine the meteorological conditions leading to precipitation. Obviously, the thermodynamic process is tied to moisture change (but constant large-scale atmospheric circulation), while the dynamic process captures the vertical motion related to monsoonal precipitation. We address the large-scale thermal control that produces the similar EASM precipitation changes of the two warm climates, and clarify the dynamic interpretation of regional differences in precipitation. 3.3.1. Large-Scale Similarity of the Two Climates Under Thermal Control As mentioned above, the strength of the large-scale moisture transport into the EASM domain is influenced by changes in the strength of the tropical atmospheric circulation and the atmospheric water vapor content.
As the climate warms, the tropical atmospheric circulation weakens (not shown) and the atmospheric water vapor content increases (constrained by the Clausius-Clapeyron relation). Compared with the PI period ( Figure S4a ), increases in large-scale moisture transport are observed in both warm climates (Figures S4b and S4c) . Therefore, the moisture flux increase results primarily from the increase in atmospheric vapor content. The increase in thermally controlled large-scale moisture transport is the large-scale background for the increase in EASM precipitation in both climates, which induces a large-scale similarity of the monsoonal climate over East Asia between the mid-Piacenzian and the ECP4.5 scenario.
Regional Differences in Vertical Motion Regulated by MSE
In addition to the thermally controlled large-scale similarity of the two warm climates, regional differences in precipitation changes and their relation to vertical motion were described in section 3.2. The physical processes that affect regional vertical motion are further clarified by the MSE budget, as the vertical motion (ω) in the pressure coordinate is directly involved in the MSE balance (equation (3)).
Regional Structures of Two Dominant Fields
A detailed analysis of the MSE budget (Sun et al., 2016) identifies the two dominant terms that affect the regional patterns of vertical motion change: the advection of stationary eddy (i.e., zonally varying time-mean)
; Figures 3a and 3b ) and the advection of zonal-mean dry enthalpy by the meridional stationary eddy velocity (À C p V Ã · ∂T ∂y ! ( ) ; Figures 3c and 3d) . The square brackets indicate zonal averages, overbars the time mean, asterisks the deviation from the zonal average, C p the specific heat at constant pressure, U the zonal velocity, and V the meridional velocity. We now compare the regional patterns of these terms between the mid-Piacenzian and the ECP4.5 scenario.
There are distinct differences in the structure of each dominant field in the two warm climates. For example, a southwest-northeast trending structure of
is observed in the mid-Piacenzian (Figure 3a) , which is consistent with the southwest-northeast trending structure of precipitation anomalies during this period (Figure 1a ). An east-west dipole structure with maximum anomalies over the Korean Peninsula and Kyushu (and the adjacent ocean) is seen in ECP4.5 (Figure 3b ), which coincides well with the significant increase in future precipitation in this region (Figure 1b) . There is also an east-west dipole structure of (Figure 3c ), which is consistent with the large increase in land precipitation during the mid-Piacenzian and the decrease over adjacent ocean (Figure 1a) . In contrast, a south-north dipole structure of this field is observed in ECP4.5 with negative anomalies occupying the EASM domain (Figure 3d ). In general, the sum of the two dominant fields captures the regional structures of vertical motion related to precipitation changes in the two warm climates (Figures 3e and 3f ).
The effect of F net during the mid-Piacenzian (compare Figures 3g and 3e) is negligible, but the involvement of F net in ECP4.5 results in enhanced local ascending motion over oceanic regions (compare Figures 3h   and 3f ).
Physical Interpretation of the Two Dominant Fields
Here we attempt to understand the different structures of the two major MSE terms in the two warm climates and their relation to vertical motion. The effect of
on vertical motion comes from the zonal mean circulation acting on the zonal gradient of the stationary eddy air temperature T Ã , which is a good indicator of the zonal thermal contrast over the EASM domain. Climatologically, the zonal thermal contrast results from the remarkably strong heating over the Tibetan Plateau and relatively weak warming over the adjacent ocean (Figure 4a, shading) . This inhomogeneity, with the background mean zonal wind (Figure 4a, wind barbs) , transports MSE into the region, inducing ascending motion and increasing precipitation. Generally speaking, we can deduce that ascending motion should occur when the zonal mean circulation transports anomalously warm air into a cold area.
Changes in T Ã in the two warm climates are far from zonally uniform (Figures 4b and 4c ), leading to an enhancement of zonal thermal contrast due to the warm Tibetan Plateau in the mid-Piacenzian (Figure 4b ) and weakened land-sea thermal contrast in ECP4.5 due to a decrease in T Ã over the Tibetan Plateau (Figure 4c ). The increase in land-sea thermal contrast strengthens the mid-Piacenzian EASM flow from ocean to land, and an anticyclone is observed over China (Figure 4b, vectors) . The resulting westward and eastward warm advection by easterly and westerly winds on the southern and northern flanks of the anticyclone contributes to the tilted structure of
in the mid-Piacenzian (Figure 3a) . In contrast, the weakening of the EASM in ECP4.5 is associated with warm advection by westerly anomalies from land to the adjacent ocean (Figure 4c, vectors) , which contributes to the strong ascending motion over the ocean (Figure 3b ). In the PI climatology, northward stationary eddy circulation is generally found along the eastern flank of the anomalous cyclone over the EASM domain (Figure 4d , vectors), thereby inducing ascending motion by the northward transport of warm advection (Figure 4d, shading) . Changes in V Ã during the midPiacenzian show anomalous southerly flow from the low-latitude tropical ocean to South China that induces ascending motion in the region (Figures 3c and 4e ). Anomalous southward advection from midlatitude regions to the eastern part of this warm advection suppresses the ascending motion over the Korean Peninsula and surrounding regions (Figure 4e) . Therefore, the combination of northward and southward transports driven by V Ã contributes to the dipole structure of À C p V Ã · ∂T ∂y ! ( ) in the mid-Piacenzian (Figure 3c ).
In contrast, a general weakening of the stationary eddy circulation in the ECP4.5 scenario compared with PI leads to the anomalous northerlies observed over the EASM domain (Figure 4f , vectors), which induce descending motion anomalies and suppress the ascending motion over the EASM domain (Figure 4f , shading).
Summary and Conclusions
This study assessed the extent to which the Pliocene warm climate provides clues to the response of regional monsoon climate to future anthropogenic warming. By comparing monsoon dynamics between the past (mid-Piacenzian) and future (ECP4.5) warm climates, we have observed similar EASM precipitation changes between the two climates and clarified the mechanisms controlling regional differences in precipitation structure. The key findings are summarized as follows:
1. East Asia is warmer and wetter than the PI period during the mid-Piacenzian and ECP4.5. In addition to an overall enhanced EASM in both climates, there are large differences in spatial patterns of EASM precipitation between the two warm climates, and these regional differences are not caused by the slight topographic difference between the two cases. 2. By analyzing the moisture budget and its different components, we were able to assess the physical processes controlling the EASM precipitation changes. Increases in large-scale moisture transport associated with greater moisture content in warmer air during the two warm climates resulted in enhanced EASM precipitation. Regional differences in EASM precipitation pattern result from different contributions of dynamic processes in the two warm climates. 3. An assessment of the MSE budget identified two dominant terms controlling dynamic processes:
represents the zonal stationary eddy air temperature advection via zonal mean zonal wind and V
